Background-The steady-state redox potential of the cysteine/cystine couple in human plasma provides a measure of oxidative stress, yet available assays are limited by either specificity or speed of assay.
Introduction
Oxidative stress has been associated with aging [1] and a number of age-related diseases such as cardiovascular disease [2] , neurodegeneration [3] and cancer [4] . Extensive research has led to a number of biomarkers of oxidative stress [5] although none are in widespread clinical use. The predominant low molecular weight thiol/disulfide system in plasma consists of cysteine (Cys) and cystine (CySS). The steady-state redox potential of this couple has been previously used to measure oxidative stress [1, [6] [7] [8] .
A number of methods are available for determination of Cys and CySS in human plasma. Routine clinical determination utilizes oxidation to cysteic acid [9] to measure total Cys and does not provide information about the steady-state redox potential. Most methods that distinguish Cys and CySS rely upon HPLC with either spectrophotometric [10] , fluorometric [11, 12] or electrochemical detection [13] . The spectrophotometric and fluorometric assays using reagents targeting thiols depend upon two analyses, one with reduction for detection of disulfides, while assays with reagents targeting amines allow detection of both Cys and CySS directly. The assays dependent upon amine reagents are limited by the ability to obtain detection without interference from other amine compounds, while the electrochemical methods are limited by the stability of Cys during processing and storage. Recently detection by mass spectrometry has been used to determine total Cys without distinguishing between Cys and CySS [14, 15] .
Assays for simultaneous measurement of Cys and CySS need to prevent artifactual oxidation of Cys. For separation by HPLC, iodoacetic acid is commonly used to prevent oxidation. This approach is useful because the negative charge of the carboxymethyl (CM) product facilitates separation [11] . Maleimides react more rapidly and at a lower pH, thereby providing advantages for trapping steady-state redox potential. However, direct comparison using a maleimide and iodoacetic acid methods showed that there was no significant difference in Cys, CySS or Cys/CySS steady-state redox potential when using millimolar concentration of iodoacetate [16] . The maleimide derivative was less stable, however, suggesting a potential advantage of derivatization with iodoacetic acid.
The purpose of the present study was to test the utility of the high mass accuracy of Fouriertransform ion cyclotron resonance (FT-ICR) for measurement of Cys/CySS steady-state redox potential in human plasma as a basis for high throughput clinical analyses. For this, we used the chromatographic conditions based on the methods of Loughlin et al. [17] for rapid separation of GSH and GSSG, and tested the FT-ICR for identification based upon accurate mass with confirmation by MS/MS. Extraction conditions were optimized to minimize artifactual redox change, and stable isotopic dilution was used for quantification [18] . Results showed that the method reliably measured Cys, CySS and Cys/CySS steady-state redox potential when directly compared to a previously validated method, and application to groups of young (mean age 25.7 y) and older (mean age 67.8 y) adults showed expected oxidation in Cys/CySS steady-state redox potential with age.
Materials and methods

Chemicals
GSH, GSSG, Cys, CySS, iodoacetic acid (IAA), [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]-IAA, acetonitrile, HPLC grade water, formic acid (98%) and ammonium bicarbonate were purchased from Sigma Chemical (St. Louis, MO). IAA was recrystallized twice in petroleum ether. [3,3'-13 C]-Cystine and [ 13 C 2 , 15 N]-glycine-N-FMOC were purchased from Cambridge Isotope Laboratories (Andover, MA). Cys-glutathione disulfide (CySSG) was from Toronto Research Chemicals (North York, ON).
Synthesis of Standards
[1',2'-13 C]-CM-GSH and [1',2'-13 C]-CM-Cys were prepared respectively by dissolving 2:1 molar ratio of GSH or Cys in [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]-IAA (in 1 mol/l NH 4 OH, 1 mol/l NH 3 CH 2 O 3 , pH 9.2) and incubation for 1 h at room temperature. The resultant isotopic standards were purified by HPLC. [ 13 C 2 , 15 N]-GSH was synthesized utilizing FMOC solid-phase synthesis on a 433A Peptide Synthesizer using HOBt/DCC activation for coupling. [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C, 15 N]-glycine was coupled to a blank HMP resin using HATU activation for coupling. The remaining residues were added on the 433A Peptide Synthesizer. [ 13 C 2 , 15 N]-GSH was cleaved using the reagent K cocktail, precipitated and washed with cold ethyl ether, dissolved with acetic acid/water and lyophilized and oxidized by dissolving the peptide in ammonium bicarbonate (pH ~9) and allowed to shake overnight. [ 13 C 4 , 15 N 2 ]-GSSG was purified by reverse-phase HPLC using a Polaris C18 column (4.6 mm × 250 mm, Varian, Inc).
Solutions
A standard solution containing Cys, CySS, cysteine-GSH disulfide (CySSG), GSH and GSSG was prepared as follows: an appropriate amount of each chemical was added to a 1 mol/l ammonium hydroxide, 1 mol/l ammonium bicarbonate solution (pH 9.2) to a final concentration of 20 mmol/l for each chemical. The standards were then diluted 1:10 into a solution containing 30 mg/ml IAA and let stand at room temperature for 1 h to form the Scarboxymethyl derivative (CM-GSH and CM-Cys). The standard was diluted with acetonitrile 1:1 and stored at −80° C.
Plasma preservation solution contained 90 mmol/l ammonium bicarbonate, 150 mmol/l recrystallized IAA and 2.5 mg/ml heparin (pH 8.3, pH adjusted with ammonium hydroxide).
Human Subjects
This study was reviewed and approved by the Institutional Review Board of Emory University and performed in accordance with the ethical standards outlined in the 1975 Declaration of Helsinki, as revised in 1983. Each participant gave his/her informed consent prior to inclusion in the study. All participants were recruited at Emory University, including Emory University employees, and were included in the final study based solely on age. A power analysis based on previous results obtained by dansyl chloride fluorescence detection [1] showed that 5 subjects in each age group were sufficient to determine differences in plasma thiols and steadystate redox potential. The data are presented as mean values ± the SE of the mean.
Plasma sample collection and sample preparation
Blood was collected from the antecubital vein by venipuncture with a 21-gauge butterfly needle [1] . To prevent autoxidation, 1.35 ml of blood was dripped into a microcentrifuge tube containing 150 µl of plasma preservation solution containing iodoacetic acid (IAA) under conditions which rapidly carboxymethylate (CM) thiols at room temperature. The tube was gently inverted twice to mix the contents and centrifuged at 13,000 x g for 2 min. Samples showing any evidence of hemolysis were discarded. One hundred microliter aliquots were stored at −80° C. Aliquots were thawed and 3.0 µL of isotopic standard (500 µmol/l [1', 2'-13 C]-CM-Cys, 2.5 mmol/l [3,3'-13 C]-Cystine, 75 µmol/l [1',2'-13 C]-CM-GSH, 5 µmol/l [ 13 C 4 , 15 N 2 ]-GSSG) was 4added. Protein was precipitated by adding 2:1 (v:v) of acetonitrile to the plasma and centrifuging at 13,000 x g for 2 min.
High-performance liquid chromatography
For analysis, 10 µL was injected onto a Hamilton PRP-X110S (2.1×100mm) anion exchange column with a Targa C18 pre-column (Higgins Analytical) for desalting and optimum chromatographic resolution. Solvent A was 0.1% aqueous formic acid/acetonitrile (1:1) and Solvent B was 2.0% aqueous formic acid/acetonitrile (1:1). Analytes were eluted from the HPLC column with a flow of 0.35 ml/min using the following gradient conditions: 0 min, 0% B; 2 min, 0% B; 6 min, 100% B; 8 min, 100% B; 8.1 min, 0% B; 9 min, 0% B.
Mass spectrometry
Ionization was done by electrospray in positive ion mode. The eluate from the HPLC was connected to a Thermo LTQ-FT mass spectrometer (Thermo-Fisher Scientific, San Jose, CA). The LTQ-FT was operated with a spray voltage of 5 kV, sheath gas setting of 40 (arbitrary units), auxiliary gas setting of 10 (arbitrary units), capillary temperature of 275° C, capillary voltage of 44 V and tube lens of 120 V. Analyses were done using the MS 1 mode scanning from m/z 85 to 850 in the FT detector at a resolution of 50,000 with the wide range scan mode and 3 million ions per scan. Maximum ion injection time was 500 ms.
Analysis
Analytes were quantified based on peak areas calculated from their respective ion chromatograms using Quan Browser™ (Thermo Fisher Scientific) software. All statistical comparisons were done using the two-tailed student t-test with a significance level of p<0.05. Although plasma redox systems are not in equilibrium, a steady-state redox potential can be calculated for each redox active couple. [12] Steady-state redox potentials were calculated with the Nernst equation,
, where E o is the standard potential for the redox couple, R is the gas constant, T is the absolute temperature, n is 2 for the number of electrons transferred and F is Faraday's constant. The standard potential, E o , at pH 7.4 for Cys/CySS was −250 mV and for GSH/GSSG was −264 mV [1].
Results
Chromatography and mass spectrometry of standards
Ion exchange chromatography was chosen based on the Loughlin et. al method for rapid measurement of GSH and GSSG [17] . A standard consisting of Cys, CySS, cysteineglutathione disulfide (CySSG), GSH and GSSG was tested. The chromatographic separation consisted of a period at initial conditions needed for desalting, a formic acid gradient for separation, a short isocratic phase with high acid to elute more tightly bound analytes, and an equilibration period prior to the next run. The minimum time needed for each of these phases was evaluated and the total run time established. Optimum conditions were; initial conditions, 2 min; gradient, 4 min; isocratic, 2 min; equilibration, 1 min; making the final run time 9 minutes. Mobile phase conditions were systemically tested for optimum separation with 25%, 30%, 40% and 50% acetonitrile and 0.5%, 0.75%, 1% and 2% maximum formic acid. 50% acetonitrile and 1% formic acid provided the best results. Optimum flow rate was defined as the highest flow rate that maintained separation, and this was found to be 0.35 ml/min. Optimal ionization was accomplished using a steady injection of the standard mixture directly into the electrospray source and simultaneously tuning on the most chemically different species. Cys and GSSG were used as the extremes in size, and GSSG and CySS were used as the extremes in polarity. Spray voltage, sheath gas, capillary temperature, capillary voltage and tube lens voltage were systematically altered to acquire the conditions that gave optimum ionization and detection. A single microscan was unable to effectively detect both GSSG and Cys, so a wide range scan, which is a composite of 2 microscans using 2 different scan ranges, was used. The number of ions collected for each microscan was systematically tested to optimize signal without causing loss of mass accuracy due to ion-ion distortion and found to be 3 million ions. LC-FTMS parameters were stored in a software file on the controlling computer, and a column switching valve was employed to allow for easy daily set-up and multiple instrument uses. A representative ion chromatogram of a standard mixture is shown in Figure 1 . This LC-FTMS method was saved to the system's controlling computer and subsequent analyses used the pre-programmed method with comparable results. Standard curves were linear with concentrations of 10 nmol/l to 150 µmol/l, with GSH and GSSG showing much better ionization efficiency than Cys and CySS.
Protein precipitation and sample preparation
Plasma samples were thawed to room temperature. Protein removal was evaluated using acetone (1:1), methanol (2:1), acetonitrile (1:1 and 2:1), acidifying with HCl (0.1 mol/l) with acetonitrile (1:1 and 2:1) and methanol (2:1), and acidifying with formic acid (1%) with acetonitrile (2:1) followed by centrifugation for 2 minutes to remove the protein. Both acetonitrile (2:1) and methanol (2:1) extracted proteins well, removing 98% and 96% respectively, but acetonitrile provided the best recovery of all five endogenous chemicals by LC-FTMS ( Fig. 2a ).
To ensure correct identification, MS/MS was performed in the ion trap with detection of daughter ions in the FTMS. The standard mixture containing 10 µmol/l Cys, CySS, CySSG, GSH and GSSG was used as reference spectra. The MS/MS ion spectra showed the same 180 → 163 for CM-Cys, 241 → 152 for CySS, 427 → 298 for CySSG, 366 → 237 and 219 for CM-GSH and 613 → 355 and 298 for GSSG in both standard and plasma samples.
Ion chromatograms were viewed with varying m/z resolution to determine the resolving power required to correctly distinguish each chemical from others with the same nominal mass present in plasma. Correct identification of GSH and GSSG required a resolving power of 50 ppm, Cys and CySS required 25 ppm and CySSG required 10 ppm.
Quantification of Cys, CySS, GSH and GSSG
Stable isotopic standards were synthesized for Cys, GSH and GSSG (as described in Materials and Methods) and [ 13 C 2 ]-CySS was purchased. A stable isotopic standard was not made for CySSG, so no quantification was done. A stock solution of isotopic standards was spiked into plasma prior to protein precipitation with the final concentrations of isotopic standards adjusted to be similar to known concentrations; 10 µmol/l Cys, 125 µmol/l CySS, 2.5 µmol/l CM-GSH and 100 nmol/l GSSG [1] . An artifactual reduction of CySS to Cys due to ammonium iodide formed in the preservation solution necessitated recrystallization of the IAA prior to use. Recrystallization largely eliminated this artifact, but an internal validation procedure based upon the amount of [ 13 C]-CM-Cys, the product of [ 13 C 2 ]-CySS reduction, was introduced as a correction factor to assure accurate analysis. Quantification was carried out by Quan Browse™ software (Thermo Fisher Scientific) using the area under the curve relative to the respective isotopic standard (Fig. 2b) . Integration parameters were set to allow for peak tailing and integration was stable with consecutive integrations varying by <1%.
Comparison of results with previously validated method using dansyl chloride and fluorescence detection
The LC-FTMS method was compared to a previously developed and validated HPLC method [11] to if see this new method, which required less processing and had a shorter run time, provided comparable concentrations of Cys, CySS and Cys/CySS steady-state redox potential. Results showed that the methods were comparable in terms of absolute concentrations for Cys and CySS (Fig. 3a) . Similarly, the steady-state redox potential values were comparable with values for the LC-FTMS being −78 ± 1 mV compared to the value of −77 ± 2 mV using fluorescence detection (Fig. 3c ).
GSH, GSSG and GSH/GSSG steady-state redox potential was also analyzed by both LC-FTMS and HPLC with fluorescence detection. Results showed that the methods were comparable in terms of absolute concentration for GSH and GSSG (Fig. 3b) . The steady-state redox potential values were also comparable between the two methods with the LC-FTMS being −152.9 ± 0.7 mV compared to the value of −152.1 ± 0.4 mV for the HPLC assay (Fig. 3c ).
Reproducibility, stability and recovery of Cys and CySS by LC-FTMS method
To evaluate reproducibility of the method and stability of samples, plasma was collected as described in the methods and stored at −80° C. On the day after collection (day 1), an aliquot was processed with 5 replicate LC-FTMS runs. Within day coefficient of variation for these runs was determined to be 2.1% for Cys and 3.6% for CySS. Five replicate LC-FTMS runs were also performed on days 8 and 15, and the week-to-week coefficient of variation was 8.0% for Cys and 7.5 % for CySS. An aliquot was processed with 6 replicate LC-FTMS runs on each of 2 columns, and column to column variability was 3.2% for Cys and 4.3% for CySS. Aliquots were processed at 6 months and 1 y with 5 replicate LC-FTMS runs, and sample stability was assessed by calculating the percentage of day 1 Cys and CySS that was present. The measured values expressed as a percentage of the initial measurement, Cys (6 months, 99 ± 2%; 1 y 101 ± 3%) or CySS (6 months, 97 ± 4%; 1 y, 104 ± 4%) showed that there was no significant loss with the storage conditions. Recovery of Cys and CySS from plasma was evaluated by spiking 0, 10, 20, 30, 40 and 50 µmol/l of each compound prior to protein precipitation. Recovery of Cys was 103 ± 4% and of CySS was 97 ± 2%.
Evaluation of plasma thiol/disulfide oxidative stress with age
Previous studies have shown characteristic changes in plasma thiol levels and steady-state redox potential with age, becoming highly significant between young (<30) and older (>60) adults, irrespective of other demographic factors [1, [19] [20] [21] [22] . To evaluate clinical utility of the FTMS method, 5 young (mean age = 25.7 ± 3.3 y) and 5 older (mean age = 67.8 ± 6.3 y) adults were recruited to determine the ability of the LC-FTMS method to detect and quantify plasma thiol levels and steady-state redox potential changes with age. Although Cys, CySS and Cys/ CySS steady-state redox potential were the primary outcome, GSH, GSSG and GSH/GSSG steady-state redox potential were also measured. Cys concentration was not significantly different (p=0.10) between young (11.3 ± 2.9 µmol/l) and older (7.3 ± 2.2 µmol/l) adults, but CySS concentration was significantly (p<0.01) lower in young (51.72 ± 4.2 µmol/l) than in older (104.8 ± 4.8 µmol/l) adults (Fig 4a) . GSH concentrations were significantly (p<0.01) higher in the young (2.8 ± 0.2 µmol/l) than in the older (0.9 ± 0.1 µmol/l) adults, but GSSG levels were not significantly different (p=0.29) in young (0.035 ± 0.01 µmol/l) than in older (0.05 ± 0.01 µmol/l) adults (Fig. 4b) . Cys/CySS steady-state redox potential was significantly (p<0.01) more reduced in young (−84.6 ± 2.9 mV) than in older (−61.0 ± 2.2 mV) adults due mainly to the increased CySS in older adults. GSH/GSSG steady-state redox potential was also significantly (p<0.01) more reduced in young (−155.1 ± 4.2 mV) than in older (−121.2 ± 4.4 mV) adults (Fig 4c) due mainly to decreased GSH concentrations in older adults. These data are consistent with previous findings and confirm the utility of the new method for evaluation of relevant steady-state redox potential differences for use as a clinical measurement of oxidative stress in humans [1, [23] [24] [25] .
Discussion
Methods for measuring and quantifying low molecular weight thiols and disulfides in plasma are done using HPLC separation with fluorescence, ultraviolet, colorimetric or electrochemical detection. Many of these procedures require derivatization prior to analysis and long HPLC separation times to avoid co-elution. Electrochemical methods eliminate the necessity of derivatization but sample stability presents a problem for routine clinical use. Recently, HPLC separation has also been linked to mass spectrometry detection, which eliminates the need for derivatization procedures and allows shorter HPLC time without compromising sample stability, but these methods do not detect cystine ( Table 1) .
The current LC-FTMS method provides a new method to rapidly quantify Cys/CySS steadystate redox potential based exclusively on the chemicals themselves and not derivatization products or daughter ions. In a practical test, the method confirmed previous studies showing increased oxidative stress associated with age [1, [23] [24] [25] .
A potential problem with the method due to artifactual reduction of CySS to Cys by ammonium iodide formed in the preservation solution was initially addressed by substituting maleimides for IAA. These derivatives were not reliably ionized by ESI (data not shown). Consequently, a procedure was introduced to correct for any reduction based upon the amount of [3-13 C]-CM-Cys detected. This approach provided accurate quantification of endogenous Cys and CySS. While the current method can simultaneously measure Cys, CySS, GSH and GSSG, the dynamic range with real samples did not allow quantification of GSSG in every analysis. With a sample prep time of 2 min and run time of 9 min, the method is suitable for relatively high throughput analysis of clinical samples and can analyze almost ten times the number currently used methods (Table 1 ) for human plasma. In principle, this run time could be decreased to 4 min if only Cys and CySS were analyzed. While this method was developed and validated using a FTMS, it likely could be adapted to a triple quad mass spectrometer with the use of multiple reaction monitoring. However, due to the m/z resolving power required, currently available single quad mass spectrometers are not adequate.
In summary, the present study uses LC-FTMS for rapid separation with accurate mass detection and quantification of Cys and CySS in human plasma based on stable isotopic dilution. This method can be performed on a multiple use instrument by simple column switching and, in principle, can simultaneously provide quantification of a large number of other metabolites for which isotopic standards are available. For the latter, validation studies with MS/MS would be needed. Results show that the method is comparable to a current HPLC method in quantification, and significantly decreases preparation and analysis times. The method was validated in terms of recovery and application to oxidative stress associated with aging. Thus, this LC-FTMS method has characteristics suitable for routine analysis of Cys/CySS steadystate redox potential as a clinical biomarker of oxidative stress. 
Figure 3. Comparison of LC-FTMS method to previously validated HPLC with fluorescent detection method for analysis of Cys, CySS, GSH and GSSG concentration and steady-state redox potential values
A) The concentrations of Cys (11.2 ± 0.7, 11.0 ± 0.4, p=0.73) and CySS (63.4 ± 5.5, 60.5 ± 5.5, p=0.95) were not significantly different between the two methods. B) The concentrations of GSH (0.026 ± 0.2, 1.7 ± 0.2, p=0.94) and GSSG (0.024 ± 0.002, 0.026 ± 0.01, p=0.72) were not significantly different between the methods. C) The steady-state redox potential for the Cys/CySS couple (−76.6 ± 1.5, −77.8 ± 0.8, p=0.16) GSH/GSSG couple (−152.1 ± 0.4, −152.9 ± 0.7, p=0.36) was not significantly different between the 2 methods. All samples were run in quadruplicate. All values are mean ± standard error. S-carboxymethyl-cysteine, CM-Cys; A) Young (black) and older (white) adults did not have significantly different Cys levels (11.3 ± 2.9, 7.3 ± 2.2, p=0.10) but had significantly different CySS levels (51.72 ± 4.2, 104.8 ± 4.8, p<0.01). B) Younger adults had significantly more GSH than older adults (2.8 ± 0.2, 0.9 ± 0.1, p<0.01) but GSSG was not significantly different (0.035 ± 0.01, 0.05 ± 0.01, p=0.29). C) Plasma redox was significantly more oxidized in older adults compared with young adults in both the Cys/CySS couple (−84.6 ± 2.9, −61.0 ± 2.2, p<0.01) and the GSH/GSSG couple (−155.1 ± 4.2, −121.2 ± 4.4, p<0.01). All values are mean ± standard error. S-carboxymethylcysteine, CM-Cys; cystine, CySS; S-carboxymethyl-glutathione, CM-GSH; glutathione disulfide, GSSG; [1',2' 13 C]-S-carboxymethyl-cysteine, [ 13 C 2 ]-CM-Cys; [3,3' 13 C]-cystine, [ 13 C 2 ]-CySS. * p<0.01 Table 1 Common HPLC methods used to measure and quantify Cys and CySS in human plasma 
